ABSTRACT Recently, owing to changes in weather conditions, cyanobacterial blooms, also known as harmful algal blooms (HABs), have caused serious damage to the ecosystems of rivers and lakes by producing cyanotoxins. In this paper, for the removal of HABs, an algal bloom removal robotic system (ARROS) is proposed. The ARROS has been designed with a catamaran-type unmanned surface vehicle (USV) and an algae-removal device attached below. In addition, electrical control systems and a guidance, navigation, and control (GNC) system are implemented on the ARROS to remove the algal bloom autonomously. Moreover, to increase the efficiency of the work, an unmanned aerial vehicle (UAV) is utilized and the system detects algal blooms with an image-based detection algorithm, which is known as a local binary pattern. The overall mission begins with a command from a server when the UAV detects an algal bloom, and the USV follows the given path autonomously generated by a coverage path planning algorithm. Subsequently, with an electrocoagulation and floatation reactor under the USV, HABs are removed. The performance of the algal bloom detection and HABs removal is verified through outdoor field tests in Daecheong Dam, South Korea.
I. INTRODUCTION
Harmful algal blooms (HABs) in rivers and lakes, which are resulted from a massive influx of nutrients such as phosphorus (P) and nitrogen (N), the rise in water temperature, and slow river flow, have become a serious problem in Korea as well as all over the world [1] , [2] . When HABs occur, the ecosystem is destroyed, causing malformation in fish, collective death, and generation of toxins such as cyanotoxins and microcystins [3] , which can damage the health of humans and livestock. Regarding the issue on harmful algal blooms, diatoms, as well as dinoflagellates, do form HABs in Korea. However, these species usually form HABs on the estuary or coastal water. In case of inland waters, cyanobacterial blooms give more severe threats than other species; thus cyanobacterial bloom is mentioned as HABs in inland waters [4] . There are several conventional HABs removal methods. The first one is using a waterwheel, which rotates consistently, to inject oxygen into the water [5] . Obviously, this is relatively inefficient and the coverage is very limited. Secondly, the method of using ultrasonic waves for destroying the green algae has not only a few chemical side effects, but also serious physical side effects [6] . Finally, a method using red clay or filtering equipment with a power vessel was also employed [7] . It has a high operational and maintenance budget, and is unsuitable for narrow areas. Therefore, the requirement for an unmanned robot system has been rising these days.
Some researchers have studied the possibility of using USVs in various applications, such as removing harmful underwater organisms, environmental monitoring, and [8] - [10] .
inspection of underwater structures. One of our previous works, a novel jellyfish elimination robotic swarm (JEROS), was presented in [11] and [12] . JEROS is a catamaran-type USV, and is designed for eliminating jellyfish. It has an autonomous navigation system, which detects jellyfish using images. Hover et al. [13] have developed an autonomous navigation and a 3D mesh-modeling algorithm to inspect underwater structures. Some researchers have developed an autonomous underwater vehicle (AUV) platform for applications in a variety of marine environments [14] , [15] . Hitz et al. [16] demonstrated a USV for the inspection of inland water resources such as the boom of harmful cyanobacteria. Kitts et al. [17] proposed a method for bathymetric mapping in shallow water using a twin-hull-type USV. In Canada, a company called NORSE has developed an autonomous vehicle with a conveyor device to collect HABs [18] . An operator can maneuver the robot around a lake, where the conveyor belt scoops up HABs. This USV is controlled by the operator and does not utilize any location information of the HABs; therefore, it cannot guarantee high performance as well as efficiency of work. In addition, various studies on the recognition of the objects using an unmanned aerial vehicle are in progress. Kim et al. [19] proposed an image-processing algorithm that could recognize the distribution and location of jellyfish at sea by using an unmanned waterborne robot and a UAV. Souza et al. [20] presented a method using UAV to detect diseased crops. After obtaining high-resolution RGB images using a UAV to detect diseased crops, supervised learning and various training steps were applied to classify the images into three categories: land, healthy crops, and diseased crops. Honkavaara et al. [21] developed the water quality mapping method using a UAV equipped with a spectral camera. When the spectrum data is received as a rectangular image, the overlapping images are used to obtain stereoscopic data for use in mapping water quality. Moreover, to detect and monitor HABs, there have been image-based studies [22] , [23] . However, most of them use satellite image data or hyperspectral images, which are not easy to access and involve a high cost.
In HABs removal, various techniques such as manual screening, chemical coagulation and sedimentation, and advanced oxidation process are applied, both on the lab-scale and in the field. However, some of the techniques pose threats such as secondary pollution with excessive chemical dosing, disturbing the ecosystem with side effects, and most importantly, the application of lab-scale experiments to the field seems inefficient when dealing with large HABs [24] , [25] . Due to the tendency of cyanobacteria to form flocs and exhibit vertical migration and buoyancy [26] , [27] , manual screening has been most widely used. However, the floc layers easily scatter once stirred, which makes uninterrupted manual screening impossible. Coagulation along with flotation, to ensure gum-like flocs for removal of HABs easily, has been studied. Table 1 shows the pros and cons of five different conventional methods for HABs removal. A technique known as electrocoagulation and flotation (ECF) has been employed in the field of wastewater treatment [25] , [28] . ECF takes place through the following steps:
1) Through an electrolytic reaction, the anode produces metal (Fe) coagulant ions and oxygen micro-bubbles, while the cathode produces hydrogen micro-bubbles. 2) Coagulants interact with the pollutant to form bigger and stable flocs. 3) Flocculated pollutants float on the surface with microbubbles attached to them [29] , [30] . Fig. 1 describes the principle of ECF reactor. Those Fe(OH ) 3 polymers generated from the left anode flocculates the microalgae particles, and the hydrogen bubbles generated from the cathode at the right floats the flocculated mass. ECF has advantages of fast operation, and no side effects, with minimal operation cost [9] . Application to the river water system has not yet been fully studied.
II. CONTRIBUTIONS
In this research, we propose a novel algal-bloom removal robotic system named ARROS (Algal bloom Removal Robotic System), which is operated autonomously, with a lower price and less manpower requirement in comparison with conventional approaches. As a catamaran-type USV, ARROS consists of a guidance, navigation, and control (GNC) system, and a HABs removal device that uses the ECF method which is highly efficient and easy to maintain, yet inexpensive and eco-friendly. For the fast and exact detection of algal blooms, the USV communicates with the UAV via a server, and the UAV flies over the surface of a river or lake for monitoring. With an image-texture-based object detection algorithm, it detects HABs and sends their locations to the USV for path planning. The overall operation scenario is as follows: 1) Cover the specific area by giving the sequence of waypoints that the UAV can fly during its operation time. 2) Find the locations of HABs using an image-based detection algorithm and send the GPS coordinates to the USV. 3) Calculate the area to explore by grid-based coverage path planning. 4) Finally, the USV follows the path using LoS (Line-ofSight) [31] guidance while removing HABs.
In addition, it is very critical to analyze the type of cyanobacteria present when it comes to treating algal blooms. In case of Daechung Dam in South Korea, where the outdoor field test was conducted, microsystis aeruginosa is known to be the one of the dominant species during the time of test period [4] . Generally, microcystis sp., anabena sp., oscillatoria sp., and Nostoc sp. are known to proliferate in South Korea, among which microcystis shows greater bloom than others. We focus on treating the already-present algal bloom formed on the surface of the river.
To the best of our knowledge, this paper describes the first attempt that proposes an algal bloom removal robotic system exploiting an eco-friendly removal device. Obviously it is the way fast and efficient when a UAV and a USV collaborate each other, because with the results (location of HABs) from the UAV, the USV does not need to explore unknown area or clear area anymore. Also, the texturebased detection algorithm is computationally efficient and since the communication between the USV and the UAV is through 4G communication network, the operation area is not limited. Furthermore, by doing a lab-scale ECF experiment, we ensure the high harvesting efficiency with various electrode alignments of the ECF. As ECF emits only metal coagulant ions and hydrogen micro-bubbles, it does not have side-effect on environment. The overall results of ECF efficiency, HABs detection, and the cooperation system have been verified with several field tests.
III. DESIGN AND IMPLEMENTATION OF ARROS A. ROBOT DESIGN
ARROS is designed as a catamaran-type USV, having two rubber hulls, an aluminum alloy frame holding two hulls and thrusters attached to it, as shown in Fig. 2 . The two rubber hulls give enough buoyancy to the entire robot, and the USV is therefore more stable against disturbances such as lateral rotation, winds, and waves, compared with single hull-type ships. The two thrusters are placed at the rear of each hull to minimize the fluid resistance to the direction of the robot and improve the movement performance. The robot is equipped with an ECF reactor below, for the removal of HABs. The electrical control system consists of sensors, processors, LTE modem, and other components, as shown in Fig. 3 . They are in a waterproof case attached on the body frame. The sensors inside the case are an IMU and a GPS receiver. The GPS receiver gives the position coordinates with an accuracy of 1.5 m [32] in the earth coordinate system, and the IMU provides the information of the USV attitude. As a main processor, an embedded PC and a microprocessor are used to control ARROS and to run algorithms. The whole system is monitored by an external ground station, and with the signal from a remote controller, a user can switch the mode of the USV either to manual or autonomous control. The electrical parts are listed in Table 2 .
B. ECF REACTOR
In a lab-scale ECF experiment, a reactor is used, whose dimension is 220 mm×50 mm×50 mm (length×width× height), with four perforated electrode plates (Stainless Steel SUS 316L), in which the distance between each pair of electrodes is 2.5 mm. The electrodes work as anodes and cathodes in parallel. The anode is connected to the positive outlet to generate ferric ions, while the cathode is connected to the negative outlet for generating hydrogen micro-bubbles. A current density of 32.55 mA/cm 2 under a constant current is supplied to 500 mL of the cyanobacterial suspension. Samples are continuously supplied using a peristaltic pump to simulate the water flow in a river. 5 mL of the sample is taken at given time intervals to check the harvesting efficiency of the ECF system. Different alignments of electrodes are tested to find the fastest operating configuration. The optical density (OD) of the sample is measured at 600 nm using a UV-Vis spectrophotometer [33] . Harvesting efficiency (%) of each electrode alignment is usually calculated as follows [8] - [10] :
Harvesting efficiency = 100 × (1 − OD t /OD initial ) (1) where OD t is the optical density of a sample at time t and OD initial is the optical density of an original sample at t = 0. To optimize the ECF reactor, four different configurations of the ECF system are constructed, as shown in Fig. 4 , with the results in Fig. 5 . They show similar maximum harvesting efficiencies of 80±5%, while rates at which the maximum harvesting efficiency is achieved are different. Tilting may not have much effect compared to the mixed-electrode alignment. However, it achieves a faster harvesting efficiency once used with a horizontal path inducer that would allow the stable flow of the floatation layer formed after the electrode (refer to Fig. 4(d) ). As an example, to achieve 60% of harvesting efficiency, 9 min, 4.5 min, 4.2 min, and 2.2 min are required for the different electrode alignments (a)-(d), respectively, as shown in Fig. 5 . 
C. GUIDANCE, NAVIGATION AND CONTROL SYSTEM
The GNC system of the robot consists of a localization module, a coverage path planning module, a control module, and a monitoring module, all of which are processed in the single board computer (SBC). The overall configuration of this GNC system is shown in Fig. 6 . With the information from the GPS receiver and the IMU, the localization module estimates the present position and orientation of the robot.
The autonomous navigation begins with the location of the detected HABs from the UAV. When areas with HABs are detected, a coverage path to cover the HABs area is planned in terms of sequential waypoints with the path for approaching the area. To make the USV fully cover the suspected area visiting only once, a grid-based cell decomposition technique [34] is used. We set the resolution of grid to USV's size of square. The USV then follows the generated path using the LoS guidance algorithm as shown in Fig. 7 . In order to minimize the heading angle error ( err ), it calculates a desired heading angle with an LoS vector which connects the position of the USV and the intersection point (x los , y los ) on the planned path at a distance of R from the USV as follows:
where d denotes the desired heading angle and c denotes the current heading angle. The desired heading angle is obtained as:
where (x, y) is the current position. If the ship is within the circle of acceptance (CoA) with the radius R 0 , the target point is set to the next waypoint. The tracking error is calculated according to the shortest distance between the USV and the desired path.
IV. IMPLEMENTATION OF UAV
A. OVERALL SYSTEM Along with the USV described in Section III, we also used a rotary wing UAV for fast and exact detection of HABs. In this section, we describe an image-based algal bloom detection method using a UAV. For safety, a waterproof UAV was used, as shown in the top right corner of Fig. 6 . It is controlled by the flight controller (FC) in it. The algorithm to detect the algal bloom is run on an SBC with a Robot Operating System (ROS). The camera, which has auto-focus and auto-brightness adjustment functions, provides images with a 640×480 px resolution and 30 fps. The UAV and the server communicate via 2.4 GHz RF and 4G networks, and the UAV sends the location of the algal bloom to USV via 4G network. The UAV flies about 15 to 20 meters above the surface of rivers or lakes.
B. IMAGE-BASED ALGAL BLOOM DETECTION
The main algorithm to detect the algal bloom is described in Fig. 8 . Texture is one of the important characteristics in image analysis. LBP (Local Binary Pattern) is a simple yet highly efficient texture operator. It labels each pixel of an image by thresholding the neighboring pixels of each pixel, and represents the result in binary numbers [35] . In Fig. 8 , to model texture value at g c , the local neighborhood of radius r sampled at the eight neighbor points is used and then it is defined as texture T by the joint distribution t of gray levels g c and g p (p = 0, 1, 2, . . . , 7) . With no loss of information, VOLUME 5, 2017 we can subtract g c from g p to get:
The invariance with respect to gray scale monotonous transformation is achieved by taking the signs of differences into account:
where
Then, each sign s(g p − g c ) is assigned with a binomial coefficient 2 p to be converted into a unique 8-bit pattern codes.
where p is the number of sampled neighborhood pixels around the point (x, y). In addition, we combine the unsupervised texture-segmentation algorithm with the pre-trained texture information. Different from the conventional LBP, it is possible to divide up the image and label the classes simultaneously with an embedded PC in a second as well as to subtract HABs parts in the image without additional information. Firstly, it is trained with four classes-algal, clean water, ground, and grass-and the histogram data are saved in a dictionary. For the segmentation of the input images, an unsupervised texture segmentation method with LBP is utilized. It consists of two steps: hierarchical segmentation and agglomerative merging [36] . Hierarchical segmentation is used to divide the input image into several parts coarsely. The adjacent parts are then merged until a certain criterion is met. After these segmentation steps, with the pre-trained information in the dictionary, a final matching step is executed to label each segmented section. In the matching step, with the pre-trained normalized LBP histogram, the Chisquare distance is calculated with the segmented image as follows:
where n denotes a number of bins, H t denotes the trained normalized histogram, H in denotes the segmented input image histogram, respectively. The lower the Chi-square distance is, the greater the matching possibility is.
V. EXPERIMENTAL RESULTS
Outdoor field tests were conducted with the ARROS having an ECF and a UAV, as shown in Fig. 9 . The dimension of ARROS is 3.0 m ×1.4 m ×0.6 m (length×width×height), and the weight is about 50 kg. The maximum velocity of the USV is about 2.5 m/s, and during removal of HABs, its velocity is set to about 0. at Daecheong Dam, South Korea, which is well known for frequent HABs alerts. The video of overall experiments is available at https://youtu.be/VcCHjSjmYCw. 
A. IMAGE-BASED ALGAL BLOOM DETECTION
The images for pre-training and segmentation were obtained in advance. The raw image size from a camera is 640×480 px, and before running the LBP algorithm, we resize the images to 192×192 px. Before the experiment, we pre-trained texture information of the four classes for use in an actual experiment as shown in Fig. 8 . The result of unsupervised texture segmentation with LBP is shown in Fig. 10 . Tables 3-6 show the LBP results and histograms for four different images in each class. Those normalized histograms show that each class has different texture information which is an important element to distinguish each other. Furthermore, Table 7 shows the similarity results of each class, and if the Chi-square distance is small, it means it is estimated that they have a similar texture information. Table 7 shows that the LBP-based algorithm works well in detecting an algal bloom using its texture information.
B. REMOVAL OF HABs
With the alignment of eight electrode plates as shown in Fig. 4(d) , the ECF reactor whose dimension is 1500 mm×650 mm×350 mm (length×width×height) is attached under the USV and submerged approximately 0.4 m below the surface of the water. Chlorophyll a (chl a) was measured to ensure the change in the cyanobacterial population, and analyzed according to the standard method [37] . Samples of three different water were analyzed, as given in Table 8 . The removal rate is calculated based on the observation made with optical density, related to the number of cyanobacterial cells inside water. It shows that about 98.53% of cyanobacterial removal was accomplished using the ECF system. However, the concentration of cyanobacteria on concentrated flocs remained somewhat low considering the harvesting efficiency. This was possibly because concentrated flocs had many micro-bubbles trapped along with the flocs, which would lower the analytical results of the concentration. This goes along with the results of chl a, having a concentration of 30.1 mg/m 3 when gathered as concentrated floc on the surface. The dramatic change in the color of the water is shown in Fig. 11 .
VI. CONCLUSIONS
This paper presents a novel autonomous robot system, ARROS with a UAV, which can be used to reduce the damage to the ecosystem and industries, caused by harmful algal bloom. ARROS has been designed based on our previous USV [11] and has a twin-hull-type USV equipped with ECF, which is highly efficient and easy to maintain yet relatively inexpensive and eco-friendly. The removal ability of the ECF reactor was verified by field tests, which showed 98.53% of cyanobacteria removal. To enhance the performance of ARROS by employing a UAV, an image-based HABs detection algorithm is proposed. The UAV flies at 15∼20 m above the surface of water for monitoring. With the texture information of each section of input images, we segment HABs and send their location to the server. The detection results of HABs are shown in terms of the probabilistic value. For further studies, we are focusing on improving the performance of the HABs removal system. Owing to the characteristics of the ECF, the USV should move at a speed less than 1 m/s for better removal efficiency. In addition, the designed ECF reactor only covers a depth of 0.4 m below the surface of water. For a better performance, the ECF reactor should be larger and cover the surface deeper than its current capacity. Furthermore, we are also aiming to develop the ARROS as a swarm robot system by adding formation control, which would improve the efficiency as well as cover the wider area while removing HABs. Also, in this research, we only tested our image-based algal bloom detection algorithm on sunny days with no wind, but HABs have different colors, shapes, and sizes depending on the circumstance such as wind, rain, and so on. So the different weather cases should be considered as well. 
